The cellular antioxidant enzymes play an essential role on the protection of oxidative stress. Pigmented rice bran is the major sources of phytochemicals and elicits antioxidant property. However, the effects of pigmented rice bran on the upregulation of cellular antioxidant enzymes are incompletely understood. In this study, we demonstrated that treatment of HEK-293 cells with pigmented rice bran extracts (200 µg/mL) from Red Hawm, Red Rose, Black Sukhothai-II, and Kum Doisaket strains significantly inhibited H 2 O 2 -induced intracellular ROS production. These pigmented rice bran extracts induced mRNA expression of glutathione peroxidase-1 (GPx-1), glutathione reductase and catalase. Additionally, treatment with these rice bran extract also increased protein expression of GPx-1 and catalase. Thus, these pigmented rice bran extracts exert the cellular antioxidant effects by decreasing ROS generation as well as increasing the production of antioxidant enzymes.
Increased oxidative stress is involved in the pathophysiology of several diseases and the cellular antioxidant enzymes play an important role to protect tissues and organisms from oxidative damage. For instance, superoxide dismutase (SOD) catalyzes superoxide radicals into hydrogen peroxide (H 2 O 2 ) and oxygen [1] . H 2 O 2 then breakdowns into oxygen and water by catalase to protect the cells from H 2 O 2 accumulation [2] . In addition, glutathione peroxidase (GPx) is the important enzyme to remove H 2 O 2 by using glutathione as a substrate [3] . Heme oxygenase 1 (HO-1) also associates in cellular protections from physiological conditions such as antioxidant and anti-inflammatory effects [4] .
Rice (Oryza sativa L.) is a major food in many countries including Thailand. Rice bran is an excellent source of micronutrients and phytochemical compounds such as tocopherol, tocotrienol, gammaoryzanol and anthocyanins, which showed the strong antioxidant activities [5] . Several studies revealed positive correlation between the consumption of rice bran and risk reductions in several chronic diseases such as hyperlipidemia [6] . Thai rice has several colors such as black, red or purple which depend on the contained pigments in the pericarp and bran layer of the rice kernels. The red rice (e.g., Red Hawm and Red Rose) and black rice (e.g., Black Sukhothai-II and Kum Doisaket) are common in the northern and central region of Thailand. Several previous studies have demonstrated that pigmented rice contain anthocyanin, gammaoryzanol and phenolic compounds more than white rice [7, 8] . There was a direct relationship between the contents of phenolic compounds and the antioxidant properties in the colored rice bran [9, 10] . Given the consumption of pigmented rice bran has attracted growing interest because of their significant roles in reduction of oxidative stress.
Antioxidant activities of the pigmented rice bran have been reported, and the data suggested that some of them could be rich in natural antioxidant compounds, however, the effects of phytochemicals containing in pigmented rice bran on the induction of cellular antioxidant enzymes have not been fully defined. Therefore, in this study, we investigated the antioxidant activities of Thai pigmented rice bran extracts, and the molecular mechanisms of these extracts on H 2 O 2 -induced oxidative stress in HEK-293 cells.
Although, there are many kinds of rice in Thailand, in this study, we chose only four pigmented rice bran samples that have a potential effect on inhibition of oxidative stress. The yields of the hydroglycol extracts of Thai rice bran ranged from 51.7 to 57.9 % of dry weight (Table 1) . Total phenolic contents were estimated using the Folin-Ciocalteu method. The highest phenolic content was found in Kum Doisaket, followed by Red Hawm, Red Rose, and Black Sukhothai-II (Table 1) . Total flavonoid contents of pigmented rice bran extracts ranged from 17.7  0.4 to 54.4  0.02 mg QE/100 g dry wt. The highest flavonoid content was found in Red Hawm, followed by Kum Doisaket, Red Rose, and Black Sukhothai-II (Table 1) .
We next investigated the antioxidant activity of pigmented rice bran extracts using DPPH method. The extract of Red Hawm (1 mg/mL) exhibited the highest DPPH free radical scavenging activity with the IC 50 of 0.5  0.01 mg/mL, which has the moderate phenolic content and the highest flavonoid content (Table 1) . Whereas the extract of Black Sukhothai-II elicits the lowest DPPH scavenging activity (IC 50 = 1.3  0.04 mg/mL), which has the lowest phenolic content and the lowest flavonoid content. The correlation analysis between phytochemicals and antioxidant activity using DPPH assay of rice bran extracts showed positive correlation for antioxidant activity with phenolic (R 2 = 0.6224), and flavonoid (R 2 = 0.9865) contents, suggesting that flavonoid compounds mainly contributed to the antioxidant activities of these pigmented rice bran.
We next investigated the cytotoxicity of the pigmented rice bran on HEK-293 cells using MTT assay to determine the optimal NPC Natural Product Communications concentrations of the crude extracts for experiments in the cells. All pigmented rice bran extracts at the concentration of 0.001-1 mg/mL were not toxic to HEK-293 cells (figure 1, supplementary data). Whereas treatment with all pigmented rice bran extracts more than 1 mg/mL, the cell viabilities of HEK-293 were less than 60%. Thus, the concentration used to test cellular antioxidant activity was 200 µg/mL in order to prevent the cytotoxic effect and allowed at least 80% cells survival. We investigated whether pigmented rice bran extracts inhibits H 2 O 2 -induced intracellular ROS production in the cells. After incubation with H 2 O 2 , the levels of intracellular ROS robustly increased compared to the control (vehicle) group ( Figure  1A ). Treatment with extracts from Red Hawm, Red Rose, Black Sukhothai-II, and Kum Doisket (200 µg/mL) significantly inhibited H 2 O 2 -induced ROS production, which had effects similar to those of 100 µM vitamin C (a potent antioxidant) ( Figure 1A ). We further quantified ROS production in intact cells using the fluorescent microscope. Incubation with H 2 O 2 induced a significant increase in the fluorescence intensity of DCF as shown in green color in intact cells of the control group ( Figure 1B) . Treatment with all pigmented rice bran extracts decreased the fluorescence intensity of DCF induced by H 2 O 2 . Taken together, these data demonstrated that pigmented rice bran extracts have the antioxidant effects by preventing the ROS production in HEK-293 cells.
Several antioxidant enzymes including GPx-1, catalase, glutathione reductase (GRe), SOD, and HO-1 are the major components of antioxidant signaling cascade in many cells and tissues. Treatment with black rice extract elicits the antioxidant actions by increasing the catalase and SOD activities in the liver of treated mice [11] . Moreover, treatment with rice bran extract from Salawak, Malaysia, leads to upregulation in enzymatic activities and expression levels of catalase in H9c2 cells [12] . We also showed that treatment with Thai pigmented rice bran extracts from Red Rose, Black Sukhothai- Cells were treated with vehicle (control), or 200 µg/mL of rice bran extracts for 6 h. The relative GPx-1, catalase, and GRe mRNA levels were quantified and shown as the mean  SEM (n=4). *P < 0.05 vs. vehicle.
II, and Kum Doisaket significantly elevated the mRNA levels of GPx-1 and catalase (Figure 2) . Moreover, mRNA expression of GRe significantly increased after treatment with black rice bran extracts (Black Sukhothai-II, and Kum Doisaket) (Figure 2 ). However, all these rice bran extracts failed to induce the mRNA expressions of CuZn-SOD, Mn-SOD, HO-1 and GST in HEK-293 cells (Figure 2, supplementary data) . Our results demonstrated that pigmented rice bran extracts play an essential role on prevention of oxidative stress by enhancing the mRNA expression of these antioxidant enzymes. We next determined the effects of pigmented rice bran extracts on the protein expression of GPx-1, catalase and Mn-SOD in HEK-293 cells. Similar to the mRNA expression results, treatment with rice bran extracts from Red Hawm, Red Rose, Black Sukhothai-II, and Kum Doisaket for 24 h significantly elevated the protein level of catalase ( Figure 3) . Moreover, treatment with rice bran extracts from Black Sukhothai-II, and Kum Doisaket caused an increase in the GPx-1 protein level compared with vehicle ( Figure 3) . However, Mn-SOD protein expression did not increase after treatment with these rice bran extracts. These results indicated that pigmented rice bran extracts prevent the oxidative stress by enhancing the protein synthesis of catalase and GPx-1.
Previous studies demonstrated that rice brans are a rich source of phytochemical compounds (e.g., phenolic and flavonoid compounds, and vitamins) which have the ability to inhibit ROS production and oxidative damage [13] . Pigmented rice is classified into purple, red, and black rice by the constituents and color of Induction of antioxidant enzymes by pigmented rice bran in HEK-293 cells Natural Product Communications Vol. 12 (7) 2017 1109 pigments such as anthocyanins and proanthocyanidins [14] . Pigmented rice brans contain more phenolic compounds and elicit the higher antioxidant activity than white rice varieties [15] . Consistent with these previous studies, we reported a significant relationship between the antioxidant capacity and the contents of phenolics and flavonoids in Thai pigmented rice bran. However, several studies observed that total phenolic compounds and antioxidant capacity did not differ significantly between colors but was different among strain of rice bran [8] . Taken together, these data suggested that phenolic compounds may be the major contributor to the total antioxidant activities of pigmented rice bran.
The correlation between total phenolic compounds contained in color rice brans and antioxidant activity have been reported [10] . In the same way, the correlation of phenolics and flavonoids, and the antioxidant effects that determined by DPPH scavenging assay could be observed in our present study. Moreover, anthocyanins, proanthocyanidin, and protocatechuic acid have been detected in black rice bran and were reported to elicit antioxidant effects from oxidative stress and inflammation [16] . Even though phenolic compounds have been detected in the highest amount in Kum Doisaket rice, the DPPH scavenging activity was lower than those of Red Hawm rice, indicating that other phytochemical compounds apart from phenolic compounds, such as anthocyanins, procyanidins and vitamin E, might be involved in an antioxidant effect and should be investigated in the further study.
Several antioxidant enzymes including GPx, GRe, HO-1, catalase, Mn-SOD, CuZn-SOD and GST are the major components of antioxidant signaling cascade in many cells and tissue. The measurements of changes in cellular antioxidant enzymes activity and production are considered as a specific biomarker of oxidative stress. Choi and his colleagues reported antioxidant effect of methanol extract of black rice against H 2 O 2 -induced cell senescence in WI-38 cells by increasing the cell viability, decreasing lipid peroxidation and prolonging cell life span [17] . In addition, rice bran extracts from Malaysia exhibit the antioxidant effects by attenuating H 2 O 2 -induced oxidative stress in H9c2 cells [12] . Our data are consistent with these previous studies showing that treatment with pigmented rice bran extracts significantly inhibits H 2 O 2 -induced intracellular ROS production in HEK-293 cells. Thus, pigmented rice bran extracts which contain several phytochemicals elicit the antioxidant effect in many cell types.
There are several mechanisms of antioxidative defenses in the cells such as prevention of radical formation, elimination of damaged molecules and prevention of mutations which are controlled by both antioxidant enzymes and non-enzymatic antioxidant compounds. SOD, catalase and GPx are enzymes that use to remove the peroxides and play an important role in protecting oxidative stress. These antioxidant enzymes play interconnected functions and their insufficient synthesis and activities leading to the accumulation of ROS and an increased oxidative stress in the cells.
The previous study suggested that black rice bran extract ameliorated oxidative stress by reducing ROS production and increasing antioxidant enzyme activities such as SOD and catalase in HepG2 cells and in mice's liver [11] . The antioxidant activity of black rice bran extract might be contributed by cyanidin-3-Oglucoside chloride and peonidin-3-O-glucoside chloride that were reported to be the most abundant compound in the black rice bran extracts [11] . Interestingly, Wang and his colleague suggested that the black rice has higher amount of anthocyanins that in white rice and anthocyanins might be the major compounds responsible for the cardioprotective effects in patients with coronary heart disease. In addition, antioxidant effects exerted by rice bran extract from Sarawak local rice variety are mediated through upregulation in enzymatic activity and synthesis of catalase in H9c2 cells [12] . We also demonstrated that treatment with both red and black rice bran extracts induced the mRNA and protein expressions of antioxidant enzymes such as catalase (Figure 2,3) . However, our study is unlike the study by others in which activities of these antioxidant enzymes were not determined after treatment with rice bran extracts in HEK-293 cells. Further evaluation of the Thai pigmented rice bran extract-induced antioxidant enzyme activity in HEK-293 cells is required.
In conclusion, we have identified a new mechanism for Thai pigmented rice bran extracts mediates the inhibition of oxidative stress in HEK-293 cells. These rice bran extracts elicit an antioxidant action through an increase in the synthesis of antioxidant enzymes such as GPx-1, GRe, and catalase ( Figure 4) . Our study provides a better understanding of the antioxidation of pigmented rice bran on upregulation of the cellular antioxidant enzymes as well as information regarding the dietary of pigmented rice bran for the human health.
Experimental
Plant material: Four local glutinous red (Red Hawm and Red Rose) and black (Black Sukhothai-II and Kum Doisaket) rice cultivars (Oryza sativa L.) were collected from northern and central region of Thailand. Thai rice were dried in a hot air oven for 48 h and the rice bran were obtained from the rice milling process by sieved through a 60-mesh strainer and kept at -20°C.
Extraction:
The rice bran was extracted with 50% hydroglycol by maceration for 72 h. The extract was filtered through a cotton cloth followed by filter paper. The 50% hydroglycol extracts were kept at -20°C until further analysis.
Determination of total phenolic content and total flavonoid content: Total phenolic content and total flavonoid content of the rice bran extracts was analyzed as previously described [18] . (more details in the supplementary data).
DPPH free radical scavenging assay (more details in the supplementary data)
Cell culture: Human embryonic kidney-293 (HEK-293) cells were cultured as previously described [19] . (more details in the supplementary data)
MTT assay: Cell viability was determined by the MTT assay according to the method previously described [20] . (more details in the supplementary data) 1110 Natural Product Communications Vol. 12 (7) 2017 Khammanit et al.
Measurement of intracellular ROS level:
The intracellular antioxidant activities of rice bran extracts were quantified using a fluorescent probe DCF diacetate to determine the intracellular ROS production as previously described [21] . HEK-293 cells were seeded at a density of 5x10 4 Determination of mRNA expression: Total RNA was isolated from HEK-293 cells using the GenJET RNA purification kit (Thermo Scientific) as previously described [22] . (more details in the supplementary data)
Determination of protein expression by Western blotting: Protein expression of antioxidant enzymes was determined by Western blotting as previously described [21] . (more details in the supplementary data)
Statistical analysis: All data were expressed as mean  SEM. The statistical analyses were performed with the SPSS statistical software. Data were analyzed by a one-way analysis of variance (ANOVA), followed by Duncan's post hoc test and Student's t-test, and differences of P < 0.05 were considered as significant.
Supplementary data: Details on cytotoxicity profile of pigmented rice bran extracts, effects of pigmented rice bran extracts on mRNA expression of antioxidant enzymes, determination of total phenolic and total flavonoid contents, DPPH free radical scavenging assay, MTT assay, determination of mRNA expression, and determination of protein expression by Western blotting are also available.
